ABSTRACT: Feeding sheep concentrate-based diets increases the oleic acid content of their tissues, whereas the cis-9, trans-11 conjugated linoleic acid (CLA) content is increased by feeding forage diets. Both these metabolic transformations could be attributable to increased activity of stearoyl-CoA desaturase (SCD). Therefore, the effect of forage or concentrate feeding regimens on the fatty acid composition of sheep tissues were investigated to determine whether any changes are related to an alteration of SCD mRNA levels. Twenty-four ewe lambs were randomly allotted to one of three dietary treatment groups: 1) dehydrated grass pellets, 2) concentrate diet fed to achieve a growth rate similar to that of the dehydrated grass pellets, and 3) the same concentrate diet approaching ad libitum intake. As expected, animals fed ad libitum concentrates grew at a greater (P = 0.001) rate (280 g/d) than
Introduction
Lamb meat is high in saturated fatty acids (Christie, 1981) , in particular, stearic acid, which can be desaturated to oleic acid by the enzyme stearoyl-CoA desaturase (SCD; Enoch et al., 1976) . Sheep have only one SCD gene (Ward et al., 1998) , whose level of expression correlates well with the oleic acid content of the specific adipose tissue depot (Barber et al., 2000) . Conjugated 747 those fed either of the other two diets (180 g/d), which were similar. In samples of liver and the three adipose tissue depots studied, the concentration of oleic acid from sheep fed either level of the concentrate diet was greater (P < 0.001) than from animals fed forage. This was associated with an increase (P < 0.05) in the ratio of SCD to acetyl-CoA carboxylase mRNA in adipose tissue and liver. Compared with concentrate-fed, the forage-fed lambs had increased (P < 0.05) levels of the cis-9, trans-11 isomer of CLA and C18:1, trans-11 in all their tissues, although the levels of SCD mRNA were lower. It therefore seems that the increased oleic acid content of sheep tissues in response to concentraterich diets is associated with an increase in SCD gene expression. By contrast, the increased concentration of CLA in animals fed forage-based diets is associated with an increase in substrate (C18:1 trans-11) availability.
linoleic acids (CLA) are produced by the incomplete biohydrogenation of linoleic acid in the rumen and have been implicated with numerous health-promoting properties, as reviewed by Belury (2002) . The cis-9, trans-11 CLA isomer may also be made endogenously from vaccenic acid (C18:1 trans-11) through the action of SCD, as speculated by Griinari et al. (2000) . Thus, increasing SCD gene expression may significantly improve the nutritional quality of lamb by decreasing the saturated fatty acid content while increasing both the oleic acid, and CLA cis-9, trans-11 content of the tissue.
It is well documented that, compared with forage, feeding concentrate-based diets increases the level of oleic acid in the tissues of cattle (Hidiroglou et al., 1987; Mitchell et al., 1991; Melton et al., 1982) and sheep (Rowe et al., 1999) , and we hypothesized that this is at least in part due to increased activity of SCD. Recent studies have also shown that feeding grass-based diets increases the cis-9, trans-11 CLA content of ruminant milk (Stanton et al., 1997; Kelly et al., 1998; Dhiman et al., 1999) and fat (French et al., 2000) , and from the evidence reviewed by Griinari and Bauman (1999) , we suggest that this may be the result of increased desaturation of C18:1 trans-11 by SCD. Both of these metabolic transformations can therefore be attributed to increased activity of SCD but are clearly in conflict with each other. In this study, sheep were fed either forage or concentrate diets and SCD mRNA levels and fatty acid composition were determined in order to investigate this paradox.
Materials and Methods

Animals
Twenty-four female Mule × Charolais lambs (78 ± 1 d, 28.7 ± 2.3 kg), which had been with their mothers at grass, were individually housed in an environmentally controlled metabolism unit with continuous access to water and a mineral block. During a 4-wk adaptation period, all animals were randomly assigned to one of three dietary treatments and fed a pelleted diet containing (as-fed basis) 485 g/kg barley, 270 g/kg soybean meal, 150 g/kg nutritionally improved straw (ground straw treated with sodium hydroxide and then pelleted at high temperature and pressure to improve its energy value; Nutrition Trading Int. Ltd., Studley, Warwickshire, U.K.), 25 g/kg vitamin and mineral mix (Frank Wright Limited, Ashbourne, Derbyshire, U.K.), 50 g/kg molassed feed meal, 10 g/kg limestone, 5 g/kg salt, and 5 g/kg fish oil before being gradually introduced to their respective trial diets. The treatment diets were 1) dehydrated grass pellets (GP), 2) concentrate diet to give a growth rate similar to that of GP (LO), and 3) the same concentrate diet approaching ad libitum intake (HI). The dehydrated grass pellets were formed from a mixture of Perennial and Italian ryegrass with a pellet diameter of 13 mm (Whatton Estates, Loughborough, Leicestershire, U.K.). The concentrate diet was a pelleted diet containing (as-fed basis) 550 g/kg barley, 350 g/kg oats, 50 g/kg molassed feed meal, 25 g/kg extracted soybean meal, and 25 g/kg mineral and vitamin mix (Frank Wright Limited). The chemical composition of the two treatment diets is shown in Table 1 . The fatty acid composition of the less-abundant fatty acids (C16:0, C16:1, and C18:0) was similar between the two treatment diets. However, the dehydrated grass pellets contained a very high proportion of linolenic acid and only low proportions of oleic and linoleic acid, whereas the concentrate diet consisted mainly of oleic and linoleic acids and had a very low linolenic acid content.
All treatment diets were fed for 7 wk, and lambs were weighed twice weekly to monitor growth rate and to allow calculation of individuals' feed intakes. The levels of feed were calculated according to the Ministry of Agriculture, Fisheries, and Food (1975) to achieve similar growth rates for GP and LO animals and adjusted twice weekly according to the mean weight of the dietary treatment group. All animals were fed once a day at 0800, and feed refusals were noted. Seven days before the end of the experiment, all lambs were fitted with an indwelling jugular cannula. Three days later, 10-mL blood samples were collected from each animal every 2 h for 48 h, with a replacement volume of 2 mL of saline (containing 3.8 g/L of trisodium citrate) being administered after each sample was taken. The blood samples were placed in tubes containing EDTA (1.6 mg of EDTA per milliliter of blood) and centrifuged at 1,500 × g for 15 min, and the resulting plasma analyzed for insulin concentrations.
Following the bleed, all the animals were slaughtered within 36 h by stunning and exsanguination. Samples of subcutaneous (tail fat), perirenal, and omental adipose tissue; liver; and longissimus dorsi muscle were rapidly removed from the left side of the carcass, frozen quickly in liquid nitrogen, and stored at −80°C. Samples of abomasal content were also taken at slaughter, and the weight of the whole perirenal depot was recorded. The carcass was skinned, and the weight of the cold carcass was recorded before splitting it in half and cutting vertically through the flank to the anterior edge of the last rib, thus dividing it into four portions. The curve of the ribs was followed to the vertebral column, which was severed at the junction of the 12th and 13th thoracic vertebrae. The following measurements were recorded from the anterior surface of this cross section: the width of the longissimus dorsi muscle (maximum distance from the end adjacent to the spinal process, outward along the rib), depth of longissimus dorsi muscle (longest distance, perpendicular, on same surface), and thickness of backfat over the deepest part of the longissimus dorsi muscle.
Determination of mRNA Levels
A 392-nucleotide NcoI-EcoR V fragment corresponding to nucleotides 622 to 1,014 of the ovine SCD cDNA was subcloned into pGEM-7zf+ (Promega, Madison, WI) and used to generate an antisense transcript. Similarly, a 438-nucleotide EcoR I-BamH I fragment of ovine ace- Figure 1 . Determination of stearoyl-CoA desaturase (SCD) and acetyl-CoA carboxylase (ACC) mRNA in sheep fed dehydrated grass pellets (GP), concentrate diet (LO) fed to achieve a similar growth rate as GP, and the same concentrate diet approaching ad libitum intake (HI). Total RNA was extracted from ovine adipose tissue and liver samples and used in a ribonuclease protection assay with antisense SCD and ACC probes resulting in 392 and 438 nucleotide protected fragments, respectively. A phosphorimager was used for the quantification of band intensity, and the above image, using samples of omental adipose tissue, is representative of images interpreted for the mRNA data.
tyl co-enzyme A carboxylase (ACC) gene (nucleotides 3,854 to 4,292) was used to produce an RNA probe for ACC. Using the Riboprobe In Vitro Transcription System of Promega, with SP6 RNA polymerase and α-32 P UTP for both, ovine SCD and ACC riboprobes were generated and purified through a Sephadex G50 column. Total RNA was isolated using the acidified phenolchloroform-guanidine thiocyanate method (Chomczynski and Sacchi, 1987) , and yield and purity were determined by measurement of absorbance at 260 and 280 nm using the LKB Ultrospec (Amersham Biosciences, Piscataway, NJ). To determine the levels of SCD and ACC mRNA, aliquots of total RNA (10 g) were used in the Ambion RPAII kit (Ambion Inc., Austin, TX) according to manufacturer instructions, and protected fragments resolved on a 6% polyacrylamide 7 M urea sequencing gel with Tris/borate/EDTA buffer. For each riboprobe, all samples from each tissue were run on the same gel and a standard sample was run on each gel to which all samples were normalized, allowing comparison between samples run on different gels. Gels were exposed to a phosphor screen (Kodak, Rochester, NY) for 2 h, and the resulting images were scanned using the Molecular Imager FX Pro Plus MultiImager System (Biorad, Hercules, CA). The intensity of individual bands was determined using Quantity One image analysis software (Biorad). Figure 1 is representative of images interpreted for the SCD and ACC mRNA data.
Determination of Tissue Fatty Acid Composition
According to the method of Folch et al. (1957) , lipid was extracted using a 2:1 chloroform:methanol solution and stored in chloroform at −20°C. To minimize isomerization of cis-trans bonds and to ensure that all fatty acids were methylated, fatty acid methyl esters (FAME) were prepared using a combined acid-base methylation based on the methods of Christie et al. (1999) and Kramer et al. (1997) . For adipose tissue, which contains essentially only esterified fatty acids, a base methylation only was used (Christie et al., 1999) .
Separation of FAME was accomplished using a Perkin Elmer Autosystem gas chromatograph (Perkin Elmer, Norwalk, CT) equipped with a flame ionization detector, and a 100 m × 0.25 mm i.d. capillary column with a 0.2-m film thickness (CP-Sil 88; Varian Inc., Walnut Creek, CA) and helium as a carrier gas. The initial oven temperature was held at 170°C for 50 min and then increased at 25°C/min to 240°C, and held for 10 min. Injector and detector temperatures were both 255°C with a split ratio of 50:1. Peaks in the chromatograms were identified using pure methyl ester standards (Sigma, St. Louis, MO). Data are expressed as moles/100 moles FAME of all fatty acids identified, and the molecular weight of methyl oleate was used for all unidentified fatty acids as this was the region in which most were found.
Determination of Adipocyte Volume and Adipocyte Number
Mass of lipid per gram of adipose tissue was calculated by oven-drying the extract from a chloroform/ methanol extraction (Folch et al., 1957 ) of a known amount of tissue (approximately 200 mg). Adipocyte volume was estimated using the method of Pond et al. (1984) , in which five thin slices (<0.25g) of adipose tissue were placed in a drop of PBS on a microscope slide and the coverslip pressed down lightly to compress the tissue. The tissue was then examined under a microscope (Nikon, Melville, NY/Nikon U.K. Ltd., Kingston upon Thames, Surrey, U.K.) and camera (JVC, Yokohama, Japan) that was linked to a computer with an image capture and measurement software package (Optimas-6, Bothell, WA). The software was used to measure the diameters of 50 individual intact adipocytes, and, as adipocytes were assumed to be spherical, the diameter was used to determine the volume of the cells. The number of adipocytes per gram of adipose tissue was calculated from the mean adipocyte volume, total lipid per gram, and an assumed lipid density of 0.915 g/mL (Taylor et al., 1973; Dawson et al., 1993) .
Insulin Analysis
The insulin concentrations of the plasma samples taken during the 48-h bleed were analyzed using the Access Ultrasensitive Insulin one-step immunoenzymatic assay (Beckman Coulter Inc., Fullerton, CA). The dietary treatments were (GP) dehydrated grass pellets, (LO) concentrate diet fed to achieve a similar growth rate as GP, and (HI) the same concentrate diet approaching ad libitum intake. Data presented are the means of each dietary treatment group (n = 8). Within a row, means without a common superscript letter differ (P < 0.05).
Statistical Analysis
Results were expressed as means using the combined data from each dietary treatment group, and data was analyzed by ANOVA using Genstat release 6.1 for Windows (Lawes Agricultural Trust, Hertfordshire, U.K.). Data were considered significant when P < 0.05. To test whether any effect of dietary treatment differed among adipose tissue depots, data were analyzed as a two-way split-plot ANOVA with diet as the main plot factor and depots within the same animal as the subplot factor. If dietary treatment or interaction effects were significant, mean separation was conducted using a Bonferroni multiple comparison test, with an α-level of 5% used to detect significant differences. When a significant dietary treatment × adipose tissue depot (diet × depot) interaction was determined, mean comparisons were only made between dietary treatments within an adipose tissue depot. The relationship between C18:1, trans-11 and CLA, cis-9, trans-11 was determined by fitting a line through the data and using general linear regression, including diet and depot in the model, to make comparisons between regressions for different diets and depots. Effects of general linear regression were tested by ANOVA. The insulin concentrations from the blood samples collected during the 48-h bleed were analyzed using REML to compare the effects of diet over time.
Results
Animal Performance and Carcass Characteristics
As expected, growth rates of the animals fed GP or LO were not different, but animals fed HI grew at a greater (P = 0.001) rate (Table 2) . Carcass weight differed (P < 0.001) between animals fed different diets; animals fed GP or LO had lighter carcasses than animals fed HI. Perirenal adipose depot weight was greater (P < 0.001) in carcasses of animals fed HI than GP or LO, which were similar. Measurement of backfat depth differed with dietary treatment (P < 0.001) with animals fed GP having the lowest backfat depth, and animals fed HI having the greatest backfat depth, which did not differ from those fed LO. However, there were no effects of diet in the width (P = 0.29) or depth (P = 0.24) of the longissimus dorsi muscle.
An effect of diet (P < 0.001) on adipocyte volume was detected in all three adipose tissue depots, with adipocytes from HI-fed animals having greater volumes than those fed either the GP or LO, which did not differ (Table 3 ). This resulted in animals fed HI having fewer cells per gram of tissue for all three adipose depots (P < 0.001). Effects of depot were also observed in adipocyte volume and cells per gram (P < 0.001 for both), with subcutaneous adipose tissue having larger adipocyte volumes and therefore fewer cells per gram than the two internal depots.
Abomasal Content Fatty Acid Composition
The fatty acid composition of the major fatty acids detected in the abomasal contents is shown in Table 4 . Diet altered the concentrations of palmitic, oleic, linoleic, and linolenic acids (P < 0.001 for all); animals fed GP had lower concentrations of palmitic, oleic, and linoleic acid, and greater concentrations of linolenic acid, than detected in samples from animals fed both concentrate diets, which did not differ. Lambs fed GP also had lower (P < 0.001) concentrations of C18:1 trans-10 and greater (P < 0.001) concentrations of C18:1 trans-11 than concentrate-fed lambs. The concentrations of cis-9, trans-11 and trans-10, cis-12 CLA were unaffected by dietary treatment.
Adipose Tissue Fatty Acid Composition
The fatty acid composition of the three adipose tissue depots is presented in Table 5 . A diet × depot interaction The dietary treatments were (GP) dehydrated grass pellets, (LO) concentrate diet fed to achieve a similar growth rate as GP, and (HI) the same concentrate diet approaching ad libitum intake. Data presented are the means of each dietary treatment group (n = 8). Within a row, means without a common superscript letter differ (P < 0.05).
(P < 0.001) for palmitic acid content was detected. In both the omental and perirenal depots, lambs fed GP had less palmitic acid in their samples than those fed either concentrate diet, although the differences were not as pronounced in the subcutaneous depot. Palmitoleic acid concentrations differed (P < 0.001) between depots, as subcutaneous contained the most and perirenal, the least. Dietary differences (P < 0.001) were also detected in the concentrations of palmitoleic acid as from lambs fed LO contained greater concentrations than those fed either GP or HI, which differed only in the perirenal depot. Statistical analysis showed that the effect of diet on stearate concentrations differed with depot (P = 0.02) because only in the subcutaneous depot did tissue from lambs fed HI contain less stearic acid than from lambs fed GP, and the subcutaneous depot contained the least stearic acid. An effect of diet The dietary treatments were dehydrated grass pellets (GP) , concentrate diet (LO) fed to achieve a growth rate similar to that of GP, and the same concentrate diet approaching ad libitum intake (HI). Data presented are the means of each dietary treatment group (n = 8). Within a row, means without a common superscript letter differ (P < 0.05).
and depot (P < 0.001 for both) was also seen in the concentrations of oleic acid. Tissue from animals fed concentrate-rich diets had greater amounts of oleic acid than from animals fed GP, and the subcutaneous depot had more oleic acid than the two internal depots. For both linoleic and linolenic acid, there were diet × depot interactions (P < 0.001 for both). Animals fed LO had greater concentrations of linoleic than those fed GP or HI, except for in the omental depot, where the concentrations in animals fed HI were also greater than those in animals fed GP. Compared with animals fed both concentrate diets, animals fed GP had greater concentrations of linolenic acid in all adipose tissue depots. The subcutaneous depot had the lowest (P < 0.001) concentrations of linoleic acid. Lambs fed GP had greater concentrations of linolenic acid than animals fed concentrate, and the concentration of linolenic acid The dietary treatments were dehydrated grass pellets (GP), concentrate diet (LO) fed to achieve a similar growth rate as GP, and the same concentrate diet approaching ad libitum intake (HI). Data presented are the means of each dietary treatment group (n = 8). Within a row, means without a common superscript letter differ (P < 0.05).
was greatest in perirenal tissue in lambs fed GP, and in omental tissue in lambs fed concentrate (diet × depot interaction, P < 0.001).
Dietary differences in the concentration of C18:1, trans-10 and C18:1, trans-11 were identified. For C18:1, trans-10, samples from animals fed GP contained the least (P < 0.001) and there was also an effect (P < 0.001) of depot, with the subcutaneous adipose tissue having the lowest concentrations of this fatty acid. A diet × depot interaction (P < 0.003) was observed for C18:1, trans-11. Samples from lambs fed GP had the greatest concentrations of C18:1, trans-11, and concentration was greatest in perirenal tissue in lambs fed GP, but was greatest in omental tissue in lambs fed concentrate. A diet × depot interaction (P = 0.04) was also identified for CLA cis-9, trans-11 concentration; samples from lambs fed GP contained more than from lambs fed either concentrate diet, and, in the subcutaneous depot, samples from lambs fed LO also contained greater concentrations than samples from animals fed HI. The The dietary treatments were dehydrated grass pellets (GP), concentrate diet (LO) fed to achieve a similar growth rate as GP, and the same concentrate diet approaching ad libitum intake (HI). Data presented are the means of each dietary treatment group (n = 8). Within a row, means without a common superscript letter differ (P < 0.05).
subcutaneous depot had greater concentrations of CLA cis-9, trans-11 than samples from the omental depot, which were greater than samples from the perirenal depot. Although there were no significant effects of diet on the concentrations of CLA trans-10, cis-12 in samples from any of the three adipose tissue depots studied, there were differences (P = 0.04) between the depots, with samples of perirenal adipose tissue depot having greater concentrations than the other two depots.
Liver and Muscle Fatty Acid Composition
The fatty acid composition of liver and longissimus dorsi muscle is shown in Table 6 . The total lipid amounts for longissimus dorsi muscle samples from animals on the three dietary treatments were 48.6, 51.8, and 56.7 mg lipid/g of muscle (wet weight) for GP, LO, and HI respectively (P = 0.403, the standard error of the differences of the means = 5.93). There was an effect of diet on the concentrations of both palmitic (P < 0.001) and palmitoleic (P < 0.01) acid concentration of liver samples. Animals fed GP and HI had lower concentrations of palmitic acids compared with animals fed LO, whereas the concentrations of palmitoleic acid were greater in animals fed both concentrate diets compared with those fed GP. No differences in palmitic or palmitoleic acid concentrations of the longissimus dorsi muscle between animals on the different diets were observed. For samples of liver, stearic acid concentrations were higher (P < 0.001) in animals fed GP compared with LO or HI, which did not differ. In the longissimus dorsi muscle, stearic acid concentrations were greatest (P < 0.01) for LO and lowest for HI, neither of which were different from animals fed GP. There was an effect of diet on liver oleic acid concentration (P < 0.001); liver from lambs fed GP had lower concentrations of oleic acid than from lambs fed either concentrate diet, which did not differ. Although there was an effect (P < 0.001) of diet in longissimus dorsi muscle, concentrations of oleic acid were greater in samples from animals fed HI, as the concentration of oleic acid in samples from animals fed GP and LO did not differ. In both liver (P < 0.001) and longissimus dorsi muscle (P = 0.04), there were effects of diet on concentrations of linoleic and linolenic acid; samples from animals fed GP had lower concentrations of linoleic acid and greater concentrations of linolenic acid than samples from animals fed concentrate diets.
In both liver and longissimus dorsi muscle differences in the concentration of C18:1, trans-10 (P < 0.001 for both tissues) and C18:1, trans-11 (P < 0.001 for both tissues) were identified. Samples from lambs fed GP had less C18:1, trans-10, and more C18:1, trans-11 than samples from lambs fed either concentrate diet.
For liver and longissimus dorsi muscle, there was an effect (P < 0.001) of diet on the concentration of CLA cis-9, trans-11. Lambs fed GP had more liver CLA cis-9, trans-11 than animals fed either concentrate diet, which did not differ, and lambs fed GP contained more CLA cis-9, trans-11 in their longissimus dorsi samples than those fed HI. The CLA cis-9, trans-11 concentration of liver from animals fed LO was also lower than animals fed GP. There were, however, no significant effects of diet on the concentrations of CLA trans-10, cis-12 in samples from either longissimus dorsi muscle or liver.
Correlation Between C18:1 trans-11 and Conjugated Linoleic Acid cis-9 trans-11
The relationships between the concentrations of C18:1 trans-11 and conjugated linoleic acid cis-9, trans-11 in liver and the three adipose tissue depots studied are shown in Figure 2 . There was no statistical evidence that the correlation between these two fatty acids differed between diets or that any effects of diet differed with depot. However, there was linear trend (P < 0.001) between the concentration of C18:1 trans-11 and conjugated linoleic acid cis-9, trans-11 and this correlation was shown to differ between tissue. Although there were similar concentrations of C18:1 trans-11 in all four tissues, the accumulation of conjugated linoleic acid cis-9, trans-11 appears to be far greater in the liver.
Stearoyl-CoA Desaturase and Acetyl-CoA Carboxylase mRNA Levels
Adipose tissue mRNA concentrations are expressed as arbitrary units of mRNA/10 6 adipocytes to account for the differences in adipocyte volumes (Table 7) . There was a diet × depot interaction (P = 0.02) on SCD mRNA levels. In both subcutaneous and omental adipose tissue, samples from lambs fed HI had greater levels of SCD mRNA than from those fed GP or LO, which did not differ. However, in the perirenal depot, although samples from animals fed HI were greater than samples from animals fed GP, neither were different from LO. The abundance of SCD mRNA was greatest in the subcutaneous adipose tissue depot, whereas the levels in omental and perirenal adipose tissue did not differ. There were also effects of dietary treatment (P < 0.01) and depot (P < 0.01) on the levels of ACC mRNA, with samples from animals fed HI having the greatest abundance of ACC mRNA and the perirenal depot having the lowest levels. Because the adipose tissue and liver mRNA levels are expressed in different units, it is not possible to compare differences in mRNA levels between the tissues. However, in the liver, there was an effect of diet (P = 0.04), with samples from animals fed LO containing greater levels of SCD mRNA than from animals fed GP (Table 8) . However, there were no effects of diet on liver ACC mRNA levels.
The ratio of SCD mRNA to ACC mRNA (SCD/ACC) was used to indicate whether SCD mRNA levels were increased independently of overall fatty acid synthesis. There was a diet × depot interaction (P = 0.03) because Figure 2 . The relationship between C18:1 trans-11 and the conjugated linoleic acid (CLA) isomer cis-9, trans-11 in (A) subcutaneous, (B) omental, and (C) perirenal adipose tissue and (D) liver from sheep fed dehydrated grass pellets (GP), concentrate diet (LO) fed to achieve a similar growth rate as GP, and the same concentrate diet approaching ad libitum intake (HI). Each point represents one animal and for each dietary treatment group n = 8. The dietary treatments were dehydrated grass pellets (GP), concentrate diet (LO) fed to achieve a similar growth rate as GP, and the same concentrate diet approaching ad libitum intake (HI). Data presented are the means of each dietary treatment group (n = 8). the SCD/ACC mRNA ratio increased more with increasing concentrate in the subcutaneous adipose tissue than in the other depots. In the liver, effects of diet (P = 0.04) were identified, as samples from lambs fed concentrate diets tended to have greater ratios of SCD/ACC than lambs fed GP.
Insulin Profile
We have previously shown that insulin significantly increases the expression of ovine SCD and the synthesis of monounsaturated fatty acids from acetate in cultured ovine adipose tissue explants (Daniel et al., 2004) . Insulin concentrations were therefore measured in samples from this trial to determine whether any dietary effects The dietary treatments were dehydrated grass pellets (GP), concentrate diet (LO) fed to achieve a similar growth rate as GP, and the same concentrate diet approaching ad libitum intake (HI). Data presented are the means of each dietary treatment group (n = 8). Within a row, means without a common superscript letter differ (P < 0.05).
were related to changes in the animals' insulin levels. Insulin concentrations in plasma samples from animals fed the three dietary treatments were different over time (P < 0.001), as shown in Figure 3 . Lambs fed GP and LO had similar insulin profiles-with a peak in the insulin concentration approximately 2 h after feeding, followed by a rapid decrease-and returned to the concentration observed before feeding for the remainder of the day. However, the pattern of insulin concentrations in the plasma of sheep fed HI appeared to be constantly high throughout the day.
Discussion
The present study confirms that feeding a concentrate-rich diet increases the oleic acid content of rumi- Figure 3 . The effect of diet on plasma insulin levels in sheep fed dehydrated grass pellets (GP), concentrate diet (LO) fed to achieve a similar growth rate as GP, and the same concentrate diet approaching ad libitum intake (HI). Blood samples were taken over a 48-h period, and insulin concentrations determined. Animals were fed each day at time 0800. Each point is the mean of each dietary treatment group (n = 8), and statistical analyses were performed using REML to compare the effects of dietary treatment. Time × diet interaction (P < 0.001), with standard errors of differences of means (SED): A for comparing means with same level of dietary treatment, and B for comparing means with same level of time.
nant adipose tissue, liver, and muscle, whereas a forage-based diet increases the relative concentrations of cis-9, trans-11 CLA in these tissues. The aim of this study was to investigate how oleic acid and cis-9, trans-11 CLA, both potential products of the enzyme SCD, can apparently have divergent responses to diet.
Most studies examining the effect of forage or concentrate feeding on the fatty acid profiles of ruminant fat have compared grass with ad libitum concentrate feeding (Hidiroglou et al., 1987; Mitchell et al., 1991) . Cattle that had consumed only grass have been compared with those fed grass and then fattened on a concentratebased diet for up to 140 d after the grass-only animals had been slaughtered (Westerling and Hedrick, 1979; Melton et al., 1982; Duckett et al., 1993) , and, in such studies, differences in tissue fatty acid composition were attributed to type of diet. However, because of the greater energy intake or age differences associated with the concentrate rations, concentrate-fed animals were heavier with fatter carcasses, and so changes in age and fatness may have confounded the effects of ration on the fatty acid composition of tissues. In this study, two groups of lambs were fed forage or concentrate diets with the same level of energy intake, and a third group was fed concentrates ad libitum. At the beginning of the trial, lambs were matched for age and body weight, and all animals were fed the treatment diets for the same length of time before slaughter.
In addition to being produced by the action of SCD, oleic acid deposited in the tissues of the animals could also be derived from the diet. Indeed, the concentrate diets contained considerably more oleic acid than the forage diet (Table 1) . Although a considerable proportion of this will be hydrogenated in the rumen, the portion of oleic acid found in the abomasal fluid of concentrate-fed animals was still considerably greater that those fed the forage-based diet. However, three lines of evidence suggest that differences in dietary fatty acid composition are not primarily responsible for the changes we see in oleic acid content of the tissues. Firstly, the animals fed the HI diet were taking in approximately 85% more dietary fat, and hence oleic acid, than those fed the LO diet. However, no significant difference was seen in the effect of these two diets on the proportion of oleic acid in the tissue. Secondly, the amount of linoleic acid in the abomasal fluid of concentrate-fed animals is comparable to that of oleic acid, but the changes in adipose tissue concentration are much less (Table 5) . Finally, the abomasal concentration of oleic acid (as a percentage of other fatty acids) is far below that seen in tissues and the percentage of a dietary fatty acid reaching the small intestine must exceed adipose tissue levels before it can affect concentrations within the tissue. Thus, although dietary intake may make some contribution to the greater oleic acid content of tissues from concentrate-fed animals, we do not believe it is the major factor.
The alternative explanation is that there is an increase in the de novo production of oleic acid in the tissues of the animals. Stearoyl-CoA desaturase catalyses the formation of oleic acid from stearic acid. The latter can be synthesized de novo in the tissues or can be derived from the diet. The conversion of acetyl-CoA to malonyl-CoA, which is catalyzed by the ACC, is the first committed step in the process of fatty acid production and thought to be the major control point in the synthesis of palmitic acid (C16:0; Vernon, 1992) . This can then be elongated to produce stearic acid (C18:0) before finally being desaturated to form oleic acid by SCD. It is this final step that is thought to be rate limiting in the production of oleic acid (Enoch et al., 1976; St. John et al., 1991) . Previous work from our laboratories indicates that SCD steady-state mRNA concentrations correlate well with the oleic acid content of tissues and that subcutaneous adipose tissue has greater SCD mRNA levels than internal depots (Barber et al., 2000) . Data from this study are consistent with these findings because the subcutaneous depot had the highest levels of both SCD mRNA and oleic acid, compared with the two internal depots studied. Furthermore, we have previously shown that when ovine adipose tissue explants are treated with insulin there are increases in both SCD and ACC mRNA concentrations but that the effect on the former is greatest (Daniel et al., 2004) . As a result, although there was an increase in overall lipogenesis, the proportion of oleic acid produced increased. We therefore believe that the ratio of SCD to ACC mRNA is a good index of the ability of tissues to produce oleic acid. In the present study, although adipose tissue SCD and ACC mRNA levels were increased by concentrate feeding, the ratio of SCD to ACC mRNA increased. In liver, only SCD mRNA was increased, resulting in a dramatic increase in this ratio. Although it is assumed that most lipogenesis will be occurring in the adipose tissue (Vernon, 1992) , it is still possible that the liver plays an important role in the remodeling of fatty acids. Thus, our data are consistent with the suggestion that increased oleic acid content of ruminant tissues in response to concentrate-rich diets is, at least in part, the result of increased SCD activity.
To date, few studies have focused on the control of SCD in ruminants, and, although Martin et al. (1999) measured SCD gene expression, most of the work studying the effect of diet has been in cattle and has looked at enzyme activity (Page et al., 1997; Chang et al., 1992; Yang et al., 1999) . As mentioned above, we have previously shown that insulin specifically increases SCD mRNA concentrations and monounsaturated fatty acid synthesis in sheep adipose tissue. However, this does not seem to be the mechanism by which concentrate-rich diets are acting, as the insulin profiles were essentially identical between the GP and LO groups whereas SCD mRNA concentrations were greater in the latter. It is possible that SCD mRNA levels are increased with concentrate feeding in response to some component of the concentrate diet that is not present in the forage diet. Work in rodents has shown that polyunsaturated fatty acids inhibit liver SCD gene expression (Ntambi, 1992; Landschulz et al., 1994) . More specifically, in mouse embryo 3T3-L1 adipocytes, Sessler et al. (1996) showed that both linoleic and linolenic acid inhibit SCD1 expression, and the level of repression by linolenic acid was greater than that of linoleic acid. In both the dehydrated grass pellets themselves and the tissues of animals fed them, linolenic acid predominated over linoleic acid, whereas, in the concentrate diet, and in the tissue of animals fed both levels, linoleic acid was more abundant. The data indicate that the differences in SCD/ACC ratios between the forage and concentrate diets could also be a result of a greater inhibition of SCD expression by the linolenic acid-rich dehydrated grass pellets diet compared with the concentrate diet.
Ruminant fats are among the richest natural sources of CLA isomers, in particular the cis-9, trans-11 isomer (Chin et al., 1992) , and data from this trial show that animals fed forage had more cis-9, trans-11 CLA in their tissues than animals fed either level of the concentrate diet. This supports findings, in both dairy and beef cattle, that feeding grass-based diets increases the levels of the cis-9, trans-11 isomer of CLA in milk (Stanton et al., 1997; Kelly et al., 1998; Dhiman et al., 1999) and intermuscular fat (French et al., 2000) . trans-10, cis-12 Conjugated linoleic acid was detected, but the levels were far lower than that of the cis-9, trans-11 isomer, again supporting findings in beef (Chin et al., 1992; French et al., 2000) .
Whereas tissue concentrations of cis-9, trans-11 CLA differed between diets, no such difference was apparent in the abomasal contents. However, significant differences were seen in the nature of the trans monounsaturated fatty acids leaving the rumen, with animals fed forage producing predominantly C18:1 trans-11 whereas animals fed concentrates produced C18:1 trans-10. It is now clear that a major proportion of the cis-9, trans-11 CLA found in ruminant tissues is formed through the action of SCD on trans-11 C18:1 (Griinari et al., 2000) . Paradoxically, however, in the present study, the diet that produced the highest level of CLA also suppressed the expression of SCD. We suggest that the high substrate concentration (trans-11 C18:1) associated with the forage-based diet is responsible for the increased cis-9, trans-11 CLA production and more than compensates for the reduction in enzyme expression. The correlation between C18:1 trans-11 and CLA cis-9 trans-11 (Figure 2 ) is consistent with this suggestion.
Thus, the present study confirms that concentraterich diets increase oleic acid content, whereas foragebased diets increase the cis-9, trans-11 content of ruminant tissues. It also suggests mechanisms whereby both these findings may be mediated through the action of SCD. In the case of oleic acid, the concentrate diet increases expression of the enzyme, whereas, in the case of CLA, the grass-based diet results in the formation of more substrate for conversion to CLA.
Implications
Increasing the conjugated linoleic acid and unsaturated fat content of ruminant meat could improve its nutritional quality. It has been speculated that increasing stearoyl-CoA desaturase levels could achieve both these objectives. From the data obtained, it is suggested that in sheep tissues the oleic acid content depends on stearoyl-CoA desaturase mRNA levels, whereas conjugated linoleic acid production is substrate driven. This has implications in development of strategies to manipulate the conjugated linoleic acid and oleic acid content of ruminant meat.
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